Surface expression of chemokine receptor CXCR4 is downregulated by MIM, a member of the inverse BAR (I-BAR) domain protein family that recognizes and generates membranes with negative curvatures. Yet, the mechanism for the regulation is unknown. Here, we showed that MIM formed a complex with CXCR4 via binding to E3 ubiquitin ligase AIP4 in response to SDF-1. Overexpression of MIM promoted CXCR4 ubiquitination, inhibited cellular response to SDF-1, caused accumulation and aggregation of MVBs in the cytoplasm, and promoted CXCR4 sorting into MVBs in a manner depending on binding to AIP4. In response to SDF-1, MIM also bound transiently to small GTPase Rab5 at 5 min and Rab7 at 30 min. Binding to Rab7 requires an N-terminal coiled-coil motif, deletion of which abolished MIM-mediated MVB formation and CXCR4 internalization. Our result unveiled an unprecedented property of MIM that establishes the linkage of protein ubiquitination with Rab-guided trafficking of CXCR4 in endocytic vesicles.
Introduction
Chemokine receptor CXCR4 plays an important role in the interaction of hematopoietic stem cells with bone marrow (BM) niches and is often downregulated through internalization after exposure to its ligand SDF-1 (Marchese, 2014). The intracellular process of CXCR4 internalization is initiated upon phosphorylation at its C-terminus followed by ubiquitination and subsequent sorting into early endosomes, which are then processed into late endosomes or multivesicular bodies (MVBs) and further fused with lysosomes where the receptor and its bound ligand is degraded. The maturation of endosomes involves a cascade of cellular processes that is controlled by Rab small GTPases (Guerra and Bucci, 2016; Mizuno-Yamasaki et al., 2012). In particular, the transition from Rab5 to Rab7 signals the maturation of MVBs, which contain characteristic intraluminal vesicles. Yet, the molecular mechanism responsible for such transition has not been defined. were found to colocalize with MVBs ( Fig. 5C ). Since there is no evidence that SDF-1 would increase the expression of enforced proteins under a constitutive promoter, the increased colocalization likely indicated the recruitment of MIM and CXCR4 proteins to MVBs. The MIM-promoted MVB labeling was apparently transient as it started at approximately 5 min, peaked at 30 min and gradually declined by 90 min after SDF-1 ( Fig. S3A -C). Such temporal regulation was coincided with transient colocalization of MIM-GFP with MVBs ( Fig. S3D ). We also observed the maximal colocalization of MIM-GFP and Myc-CXCR4 at 30 min after SDF-1. However, colocalization of these two proteins remained to be significant even at 90 min ( Fig. S3E ), which is consistent with the observed 3h half-life of CXCR4-GFP protein within cells ( Fig 2B) and suggest that they may interact with each other in vesicles other than MVBs.
MIM forms transiently a complex with Rab5 and Rab7 at different times after SDF-1. In the effort to characterize further the role of MIM in intracellular trafficking, we found that binding to AIP4 was not necessary for MIM's recruitment to MVBs because MIMΔPRD-GFP was still effectively colocalized with MVBs upon SDF-1 treatment ( Fig. S4G and S4E ), suggesting that another domain was responsible for MIM recruitment to MVBs. As endosome maturation is regulated by small GTPases Rabs, particularly by Rab5 for early endosomes and Rab7 for late endosomes (Stenmark, 2009), we examined the interaction of MIM-GFP with Rab5 and Rab7 at different times after SDF-1.
Immunoprecipitation with a MIM antibody precipitated readily Rab5 at 5 min (Fig. 6A , lane 2) and Rab7 at 30 min (Fig. 6A, lane 4) . Interestingly, the interaction with both Rabs was transient. Coprecipitation of MIM-GFP with Rab7 was diminished at 90 min, the kinetics that agrees well with that for MIM's recruitment to MVBs (Fig. S3D ). Interaction of MIM-GFP with Rab7 was also confirmed by using a Rab7 antibody in the immunoprecipitation step ( Fig. 6B ). However, the same antibody was unable to precipitate CXCR4 or AIP4 under the same condition (data not shown), suggesting that MIM interacts with Rab7 independent of CXCR4, although we could not rule out the possibility that MIM interacts indirectly with Rab7. To determine whether endogenous MIM also interacts with Rab7, we Journal of Cell Science • Advance article analyzed murine Raw 264 cells, which expressed abundantly MIM protein ( Fig. S1E ). As shown in Fig.   6C , endogenous MIM bound effectively to endogenous both Rab7 and CXCR4 at 30 min after SDF-1.
Binding to Rab7 is required for the MIM-mediated CXCR4 internalization. To analyze the structural basis for MIM to interact with Rab7, we analyzed a mutant containing the I-BAR domain only (MIM-I-BAR-GFP), and found the mutant bound to Rab7 as effectively as the full-length MIM-GFP (Fig. 6E, lane 4) , implying that the motif for the forming of a complex with Rab7 lies within the I-BAR domain. To determine further the sequence for Rab7 binding, we analyzed a mutant that has deletion of a coiled-coil domain (CCD), which corresponds to the sequence from amino acid 108 to 153.
Unlike mutant MIMΔPRD, which retained the ability to coprecipitate with Rab7 (Fig. 6D , lane 6), the mutant MIMCCD was unable to coprecipitate with Rab7 in response to SDF-1 (Fig. 6D , lane 4), indicating that MIM interacts with AIP4 and Rab7 independently. To analyze the impact of the mutation at the CCD on the activity of MIM, we analyzed the response of cells expressing MIMΔCCD-GFP to SDF-1 and found that the mutant failed to inhibit SDF-1-mediated chemotaxis (Fig. 4G ), to promote CXCR4 internalization (Fig. 4H ), and to be colocalized with MVBs ( Fig. S4C and S4E ). It was possible that the observed defect with MIMΔCCD-GFP might be a result of improper protein folding.
As the CCD was within the I-BAR domain, which is critical for MIM to form a dimer (Cao et al., 2012), we analyzed the dimerization of the mutant and found that it retained the same ability as the WT protein to form a homo-dimer within cells ( Fig. S1F ). However, we could not rule out the possibility that the mutation may impair other unrecognized functions associated with the I-BAR domain. We also analyzed the cells expressing the mutant MIM-I-BAR-GFP, which bound to Rab7 (Fig. 6E) and was recruited to MVBs upon SDF-1 (Fig. S4D, S4E ). Yet, the mutant was unable to promote CXCR4 internalization ( Fig. 6F) , indicating a necessary for the coordination between the activity for binding to Rab7 and that for binding to AIP4 in the MIM-mediated regulation of CXCR4 internalization. 
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